ABSTRACT: Low protein intake during lactation has been demonstrated to increase the loss of body protein and to reduce the reproductive performance of female pigs. The objectives of the current experiment were 1) to determine whether protein (lysine) restriction alters levels of somatotropic hormones, insulin, follicle-stimulating hormone, and leptin around weaning, and 2) to evaluate the relationships between these eventual alterations and postweaning reproductive performance. One day after farrowing, crossbred primiparous sows were randomly allocated to one of two diets containing 20% crude protein and 1.08% lysine (C, n = 12) or 10% crude protein and 0.50% lysine (L, n = 14) during a 28-d lactation. Diets provided similar amounts of metabolizable energy (3.1 Mcal/kg). Feed allowance was restricted to 4.2 kg/d throughout lactation, and litter size was standardized to 10 per sow within 5 d after farrowing. Catheters were fitted in the jugular vein of 21 sows around d 22 of lactation. Serial blood samples were collected 1 d before (day W − 1) and 1 d after (day W + 1) weaning, and single blood samples were collected daily from weaning until d 6 postweaning (day W + 6). Sows were monitored for estrus and inseminated. They were slaughtered at d 30 of gestation. During lactation,
Introduction
During lactation, voluntary feed intake of highly prolific sows is frequently inadequate to meet nutrient re-1 3286 litter weight gain was similar among treatment groups. Reduced protein intake increased (P < 0.001) sow weight loss (−30 vs −19 kg) and estimated protein mobilization throughout lactation (−4.1 vs −2.0 kg). On day W − 1, L sows had higher (P < 0.02) plasma glutamine and alanine concentrations, but lower (P < 0.05) plasma tryptophan and urea than C sows. Mean and basal plasma GH were higher (P < 0.001), whereas plasma IGF-I and mean insulin were lower in L than in C sows on day W − 1. Preprandial leptin did not differ between treatments on day W − 1, but was higher (P < 0.01) in L sows than in C sows on day W + 1. Mean FSH concentrations were similar in both treatments on day W − 1 (1.3 ng/mL), but L sows had greater (P < 0.001) mean FSH on day W + 1 than C sows (1.6 vs 1.2 ng/mL). The weaning-to-estrus interval (5 ± 1 d) was similar in both groups. Ovulation rate was lower in L than in C sows (20.0 ± 1 vs 23.4 ± 1, P < 0.05). No obvious relationships between reproductive traits and metabolic hormone data were observed. In conclusion, these results provide evidence that protein (lysine) restriction throughout lactation alters circulating concentrations of somatotropic hormones and insulin at the end of lactation and has a negative impact on postweaning ovulation rate.
quirements for maintenance and milk yield, and these sows must mobilize fat and protein reserves (O'Grady et al., 1985; Noblet et al., 1990) . Low protein intake during lactation has been demonstrated to increase body protein loss (Jones and Stahly, 1999a) and reduce reproductive performance (King and Williams, 1984a; Brendemuhl et al., 1987; Yang et al., 2000a,b) . There is increasing evidence that nutrition and changes in metabolic state influence the reproductive axis through variations in metabolites and associated metabolic hormones, including insulin, IGF-I, GH, and leptin (for review, see Schams et al., 1999; Prunier and Quesnel, 2000) . However, much emphasis has been given to insulin and IGF-I, and less attention has been paid to GH. It is widely accepted that insulin and somatotropic hormones (GH and IGF-I) play a key role in the regulation of fat and protein metabolism in the sow, as in other species (Breier, 1999) . The aim of the present experiment was to test the following hypotheses: 1) low protein intake in sows induces alterations in somatotropic hormones and insulin, and 2) such alterations are associated with changes in postweaning reproductive performance of primiparous sows.
Materials and Methods

Animals and Experimental Design
The experiment was conducted in four replicates on a total of 29 Pietrain × (Large White × Landrace) crossbred gilts. They were inseminated at 270 ± 8 d of age and 180 ± 3 kg live weight. Throughout the experiment, females were maintained under artificial light provided by incandescent lamps. Light duration decreased from 12 to 10 h/d between d 42 and 84 of gestation and remained constant thereafter (10 h/d). Gilts were moved from the gestation to the farrowing rooms on d 104 ± 1 of gestation and were kept in individual farrowing crates (2 × 2.5 m) in a building maintained between 20 and 25°C. When necessary, parturition was induced by an i.m. injection of 2 mL of cloprostenol (Planate, Mallinckrodt Veterinary, Meaux, France) on d 114 of gestation. Farrowing occurred on d 114 or 115 of gestation. Within 48 h after birth, litters were standardized to 11 piglets, and to 10 piglets 3 d after. Piglets that died were weighed and replaced by piglets of similar weight and age. They had no access to creep feed. Throughout lactation, piglets had free access to the dam. They were weaned between 0830 and 0930 at 28 ± 1 d of age (W). Water was freely available for the sows and the piglets throughout the experimental period.
During gestation, all females were fed a diet containing 2.9 Mcal of ME/kg, 13% CP, and 0.6% lysine once daily (around 0830). This feed allowance was calculated to meet 110% (about 2.7 kg of feed/d) of the energy requirements for gestation (NRC, 1988) . On the day of farrowing (d 0), all females were allowed to consume 1 kg of the gestation diet. During lactation, the daily feed allowance was given in two equal meals provided around 0830 and 1430. One day after farrowing, lactating primiparous sows were randomly assigned within replicate to either a control (C: 20% CP and 1.08% lysine) or a low-(L: 10% CP and 0.5% lysine) protein diet (Table 1) . The L and C diets were formulated on the basis of lysine being the first-limiting AA with other AAs meeting or exceeding the suggested "ideal" ratio of each AA relative to lysine for lactating sows (INRA, 1989) . Diets provided similar amounts of ME (3.1 Mcal/kg; Table 1 ). On d 1, 2, and 3 postpartum, all females received 2.5, 3.5, and 4.5 kg/d of the experimental diet, respectively. Thereafter, the amount of feed was restricted to 4.5 kg/d of the experimental diets throughout lactation to prevent differences in feed consumption. Feed refusals were weighed daily before the morning meal and actual feed intake was then calculated. From day W until the end of the experiment, all sows received 2.5 kg/d of a conventional gestating sow diet containing 2.9 Mcal of ME/kg, 13% CP, and 0.6% lysine, in two equal meals given at around 0830 and 1430. At weaning, sows remained in their farrowing crate for 2 d in order to facilitate serial blood sampling. Thereafter, they were moved and penned in individual gestation crates (0.7 × 2.5 m) until the end of the experiment.
Estrus, Ovaries, Ovulation Rate, and Embryonic Survival
From 2 d after weaning (day W + 2), sows were monitored for estrus twice daily at 0800 and 1600 by exposing them to fenceline contact with a mature boar for 15 min and using the back-pressure test. Sows were artificially inseminated twice with fresh diluted semen from Pietrain boars. When first observation of standing estrus occurred in the morning, first insemination was performed 8 h later, whereas insemination was performed 16 h later when estrus was first detected in the afternoon. The second insemination was performed 24 h after the beginning of estrus in both cases. Doses of semen (3 × 10 9 spermatozoa/70 mL) consisted of pooled semen. The same pool was used for all sows belonging to a same replicate. Sows were slaughtered at the local abattoir 30 ± 1 d after insemination and the genital tract was immediately collected after death. Weights of the two ovaries were recorded. All corpora lutea were dissected and counted. To collect embryos, the wall of uterine horns was cut longitudinally, starting at the uterocervical junction. The number of live or dead embryos was recorded. An embryo was considered dead on the basis of size visual evaluation (clearly less than the mean for all embryos from that sow) and/or by the observation of a necrotic process in situ. Embryo survival was expressed as the percentage of corpora lutea represented by live embryos.
Measurements and Sampling
Piglets were weighed at birth and at 7, 14, 21, and 28 ± 1 d of age. Sows were weighed 1 d after farrowing and at 7, 14, 21, and 28 ± 1 d postpartum. On the same day, sow backfat thickness was ultrasonically measured (Sonolayer SAL-32B, Toshiba, Tokyo, Japan) at 65 mm on each side of the dorsal midline at the level of last rib (P 2 ).
A subgroup of sows was randomly allocated to intensive blood sampling (C, n = 10; L, n = 11). On d 22 ± 1 of lactation, an indwelling Silastic (Dow Corning, Midland, MI) catheter was surgically inserted into the right jugular vein of the sows while they were under general anesthesia, as previously described (Camous et al., 1985) . Sows were deprived of feed 16 h before the surgery. Around 1 h after surgery, sows returned to their farrowing crate and were immediately re-fed. Housing and feeding were previously described. However, feed- ing troughs were emptied, when necessary, at around 1600 on the day before serial blood sampling. Serial samples were collected via catheter every 15 min from 0815 to 1615 on the day before (day W − 1) and on the day after (day W + 1) weaning. Additionally, single blood samples for IGF-I were taken at 1400 on day W and from day W + 2 to day W + 6. Blood samples were collected in heparinized tubes, immediately placed on ice, and centrifuged within 15 min for separation of plasma. Plasma samples were stored at −20°C until assay.
Analyses
Hormone Assays. Plasma concentrations of insulin, GH, IGF-I, and FSH were determined in duplicate using validated RIA (Louveau et al., 1991; Louveau and Bonneau, 1996; and Camous et al., 1985, respectively) . Leptin concentrations were determined with a multispecies double-antibody kit assay (Linco Research Inc., St. Louis, MO), which was previously validated in the porcine species (Qian et al., 1999) . Samples were run in two assays for insulin and IGF-I, and in a single assay for GH, FSH, and leptin. Insulin and GH concentrations were measured every 15 min, and FSH was measured every hour from 0815 to 1615. Concentrations of IGF-I were analyzed only once a day (at 1400) because of the relatively low variation in IGF-I level throughout the day (Schams et al., 1994) . Leptin concentrations were measured once a day before the morning meal (at 0815) in order to focus on fasted levels.
For insulin, the intra-and interassay CV were 7.1% and 11.5% at 40 IU/mL, respectively, and the average sensitivity of assay, defined as 90% of total binding, was 3 IU/mL. For GH, the intraassay CV was 15.3% at 2.5 ng/mL, and the average sensitivity was 0.75 ng/ mL. Plasma IGF-I concentrations were determined after an acid-ethanol extraction. This extraction technique was validated for plasma samples from lactating and weaned sows (Louveau and Bonneau, 1996) . The recovery efficiency was 92%; therefore, sample concentrations were not corrected for recovery. The intra-and interassay CV were 7.4% and 17% at 258 ng/mL, respectively, and the average sensitivity was 7.5 ng/mL. The relative levels of IGFBP on days W − 1 and W + 1 (1400) were quantified using SDS-PAGE, transfer to a nitrocellulose membrane, and incubation in the presence of 125 I-IGF-I (Hossenlopp et al., 1986) . The relative level of IGFBP was analyzed by densitometric scanning of membranes using phosphorImager (STORM) and Imagequant software (Molecular Dynamics, Bondoufle, France). To prevent gel-to-gel variation in IGFBP evaluation, treatments and days of sampling were represented on each gel. For FSH, the intraassay CV was 5.6% at 1.4 ng/mL, and the average sensitivity was 1.0 ng/mL. The percentage of cross reaction with the porcine leptin was 67% as given by the manufacturer. Results are expressed in human equivalents (HE). The leptin intraassay CV was 5.0% at 4.1 ng HE/mL, and the average sensitivity of assay was 0.9 ng HE/mL. (Hoffman-Laroche, Basel, Switzerland) . Plasma AA concentrations were measured on day W − 1 at 0815 and 1400, according to the procedure described by Sève et al. (1991) . Briefly, plasma was deproteinized with one volume of sulfosalicylic acid (6%) combined with an internal standard (L-α-amino-β-guanidinopropionic acid). Supernatant fluids were adjusted to pH 2.2 with 100 L of citric acid (0.5 N) adjusted to pH 5 with lithium hydroxyde (4 N). Chromatographic separation of the AA was performed on a Biotronik LC 5001 analyzer (Biotronic Pusheim Bahnhof, Germany) using a Li + cation exchange column maintained between 33 and 66°C with postcolumn ninhydrin derivatization. A special run was used to analyze tryptophan. Plasma tryptophan was determined using a sample concentration four times greater than that for the other AA at a column temperature of 75°C, and was quantified using the same chromatographic procedures.
Calculations and Statistical Analyses. The total energy requirement of sows during lactation (TER, kcal ME/ d) was calculated according to the formula of Noblet et al. (1990) : TER = 110 × BW 0.75 + (6.83 × LWG) − (125 × n), where BW (kg) = sow BW on d 1 postpartum, LWG (g/d) = litter weight gain over lactation, and n = the number of piglets per litter on d 5. The crude lysine requirement was estimated for a nil change in muscle weight over lactation (CMW, g/d) , using the formula of Dourmad et al. (1998) : CMW = −525 + 29.8 lysine − 0.392 LWG (R 2 = 0.69). Energy and lysine balances were calculated by subtracting the calculated requirements from the actual intakes. The chemical composition of the BW on d 1, 7, 21, and 28 of lactation was estimated from the BW and P 2 measurements using the equations proposed by Dourmad et al. (1997) : lipid (kg) = −26.4 + 0.221 × EBW + 1.331 × P 2 (R 2 > 0.95); energy (Mcal) = −257 + 3.267 × EBW + 10.99 × P 2 (R 2 > 0.95); protein (kg) = 2.28 + 0.178 × EBW − 0.333 × P 2 (R 2 = 0.87); and water (kg) = 23.6 + 0.551 × EBW − 0.919 × P 2 (R 2 > 0.95), where EBW (kg) represents the sow empty live weight estimated from the live weight (EBW = 0.905 × BW 1.013 ), and P 2 is the backfat thickness at the last rib. The parity number (primiparous sows) and BW at farrowing of sows in the current study were similar to those from which the equations were developed.
Individual profiles of GH were analyzed for the determination of baseline and peak levels, according to the procedure described by Merriam and Wachter (1982) .
Twenty-nine lactating primiparous sows were initially allocated to experimental treatments. Three sows (two sows from the C group and one sow from the L group) were withdrawn from the study because of low feed intake or aggressive behavior. Excluding these three females, data from 26 sows were used for statistical analyses of sow and litter performance (12 sows from the C group and 14 sows from L group), and data from 21 sows with catheters were used for analyses of hormones and metabolites (10 sows from C and 11 sows from L group). Only data from sows that were pregnant at slaughter were used for analyses of ovarian weight and ovulation rate (n = 19). The data were analyzed as a randomized complete block design, with two treatments in four replicates (blocks). Data were analyzed by ANOVA using the MIXED procedure of SAS (Littell et al., 1996 , SAS Inst., Inc., Cary, NC). All models included the effects of the treatment (fixed effect) and of the replicate (random effect). All hormonal variables were controlled for normality using the Wilk-Shapiro test (SAS Inst., Inc.). All data for sow BW and backfat thickness changes, litter growth rate, insulin, GH, IGF-I, IGFBP, FSH, leptin, and metabolites were analyzed using repeated measures in MIXED procedures. The complete model included treatment, replicate, time, and time × treatment interaction as main effects. Sows were the experimental unit and significant differences among treatments were determined using sow within replicate × treatment interaction as the error term. Time effect was week effect for litter, day effect for sow performance, and preprandial and mean hormonal concentrations or sampling time effect for metabolite and hormone profiles. The effect of treatment on the number of pregnant sows was analyzed using Fisher's Exact Test (SAS Inst., Inc.). Embryo survival data were arcsine-transformed before analysis. Pearson correlation analysis was used to determine the relationships between reproductive characteristics and hormone data on days W − 1 and W + 1 for sows with catheters (n = 21; SAS Inst., Inc.). In the results, the least squares means and the standard errors of least squares means are given.
Results
Litter and Sow Performance
There was neither a treatment effect nor a treatment × week interaction for LWG or ADG of the piglets, but there was a week effect (Table 2) . Litters grew faster (P < 0.05) during wk 2 and 3 than during wk 1 and 4 of lactation.
As a result of the feed allowance imposed during lactation, there was no difference in daily feed consumption and energy intake among treatment groups (P > 0.10; Table 3 ). Estimated daily energy requirement for maintenance and milk production was similar in L and C sows. Therefore, all sows exhibited a negative energy balance during lactation (around −30%) that did not differ among treatment groups (P > 0.10; Table 3 ). In contrast, lysine intake was twofold higher (P < 0.001; Table 3 ) in C than in L sows. Because estimated daily lysine requirement was similar for all sows (mean: 46.6 g/d), lysine balance was very different between groups (P < 0.001). It was negative in L sows only.
There was a treatment × day interaction for BW during lactation (P < 0.001). Sow BW was similar among treatments at the start of lactation (Figure 1) . From d 7, BW was lower in L than in C sows. The overall BW loss during lactation was higher in L than in C sows (L: 30 kg, C: 19 kg; P < 0.001). There were neither treatment effects nor day × treatment interactions for backfat thickness during lactation. However, overall backfat thickness decreased (P < 0.001) by 3.5 mm between d 7 and d 28 (Figure 1 ).
Estimated contents of sow's body lipid, protein, and water did not differ among groups at farrowing (Table  4) . Lipid, protein, and water contents decreased during lactation in all sows. There was a day × treatment inter- Table 3 . Feed intake, energy and lysine intakes, and calculated balances during lactation in low-(L, 10% CP and 0.5% lysine) or control (C, 20% CP and 1.08% lysine) protein diet sows (least squares means ± SEM) Total ME requirements of sows during lactation (TER) were estimated according to the formula of Noblet et al. (1990) action for protein and water contents (P < 0.001), but not for lipid content. After d 7, protein and water contents were lower in L than in C sows. Overall losses of lipids did not differ in C and L sows (mean: 10.3 kg), whereas protein and water losses were higher (P < 0.001) in L than in C sows (4.1 vs 2.0 kg and 13 vs 6 kg, respectively). At d 28, L and C sows had lost around 12% and 6% of their estimated protein content at farrowing, respectively.
Metabolites
There was a significant treatment × sampling time interaction for most AA (Table 5) . Preprandial plasma lysine concentration did not differ among treatment groups at the end of lactation. Preprandial plasma concentrations of histidine and methionine were higher (P < 0.05) in L than in C sows. In contrast, preprandial plasma concentrations of cystine and tryptophan were higher (P < 0.05) in C than in L sows. Preprandial concentrations of other AA in plasma were not affected by treatment (P > 0.10). After feeding, plasma concentrations of all AA increased significantly in C sows, whereas the increase was significant only for leucine, phenylalanine, tryptophan, histidine, proline, and tyrosine in L sows. There was no interaction for glutamine and alanine. Their concentrations were higher (P < 0.001) in L than in C sows (Table 5) .
Plasma profiles of glucose, urea, and NEFA concentrations of sows are shown in Figure 2 . There was no treatment × sampling time interaction for plasma glucose on days W − 1 and W + 1, but there were treatment and sampling time effects. On day W − 1, mean plasma glucose concentration was higher (P < 0.02) in L than in C sows. It increased (P < 0.04) after the morning meal from 0915 to 1115, and slightly decreased at the end of sampling period in both treatments groups. On day W + 1, plasma glucose remained higher (P < 0.02) in L than in C sows, but glucose time-related variations were less marked than at the end of lactation. There was a treatment × sampling time interaction for plasma urea on day W − 1 (Figure 2 ). It increased (P < 0.04) Figure 1 . Changes in BW and backfat thickness during lactation in sows fed a low-(L = 10% CP and 0.5% lysine, n = 14) or control (C = 20% CP and 1.08% lysine, n = 12) protein diet during lactation. * and ** indicate difference in BW between groups, P < 0.05 and P < 0.01, respectively; a, b, c, and d indicate difference in backfat thickness between days, P < 0.01.
after feeding in C sows, but did not change in L sows. It was higher (P < 0.001) in C than in L sows at all times. On day W + 1, there was neither a sampling time effect nor a treatment × sampling time interaction. Plasma urea remained higher (P < 0.02) in C than in L sows in spite of a decrease in urea concentration after weaning in C sows. There was neither a treatment effect nor a treatment × sampling time interaction for plasma NEFA concentrations on days W − 1 and W + 1, but there was a sampling time effect (Figure 2 ). Plasma NEFA concentrations decreased (P < 0.02) after the The chemical composition of sows was estimated from body weight and backfat thickness measurements using the equations proposed by Dourmad et al. (1997) : lipids, kg = −26.4 + 0.221 × EBW + 1.331 × P 2 ; protein, kg = 2.28 + 0.178 × EBW − 0.333 × P 2 ; water, kg = 23.6 + 0.551 × EBW − 0.919 × P 2 , where EBW (kg) represents the sow empty live weight (EBW = 0.905 × BW 1.1013 , BW = live weight in kg) and P 2 (mm) = backfat thickness at the last rib.
c,d
Within a row, means without a common superscript letter differ (influence of the treatment).
u,v,x,y,z Within a column, means without a common superscript letter differ (influence of the day).
morning meal on days W − 1 and W + 1 in both treatment groups.
Insulin, GH, IGF-I, IGFBP, FSH, and Leptin
Preprandial and mean plasma insulin, characteristics of GH profiles, mean FSH, and preprandial leptin concentrations are presented in Table 6 . There was no treatment × day interaction for preprandial plasma insulin, but there were treatment and day effects. Preprandial plasma insulin was higher (P < 0.02) in C Table 5 . Pre-and postprandial plasma amino acid concentrations 1 d before weaning in sows fed a low-(L, 10% CP and 0.5% lysine, n = 11) or control (C, 20% CP and 1.08% lysine, n = 10) protein diet during lactation (least squares means ± SEM) Within a row, means without a common superscript letter differ (P < 0.05).
than in L sows and it was lower (P < 0.05) on day W − 1 than on day W + 1 in both treatment groups. For mean plasma insulin, there was a treatment × day interaction. Mean insulin concentrations were higher (P < 0.05) in C than in L sows on day W − 1, but not on day W + 1. Representative profiles of plasma GH on days W − 1 and W + 1 are illustrated in Figure 3 . Concentrations of GH fluctuated at a high level at the end of lactation, whereas an episodic secretory pattern of GH was clear after weaning. There was a treatment × day interaction (P < 0.01) for mean and basal GH concentrations (Table 6 ). Plasma mean and basal GH concentrations were higher (P < 0.05) in L than in C sows on day W − 1. They decreased (P < 0.05) after weaning in both treatment groups and there was no difference between L and C sows on day W + 1. There was neither a treatment effect nor a treatment × day interaction for GH pulse number. It decreased after weaning in both groups (P < 0.001).
Daily plasma concentrations of IGF-I from day W − 1 to day W + 6 are presented in Figure 4 . There was a treatment × day interaction for IGF-I concentration (P < 0.05). The IGF-I concentration was lower in L than in C sows on day W − 1 (P < 0.01) and on the day of weaning (P < 0.07). Plasma IGF-I concentrations increased (P < 0.01) after weaning in both treatment groups. There was no difference between groups (P > 0.10) from day W + 1 to day W + 6. Ligand blot analysis of IGFBP in plasma revealed the presence of five bands with apparent molecular masses of 43, 39, 34, 29, and 24 kDa, likely corresponding to IGFBP-3 (43 to 39 kDa) and BP-2 (34 kDa) and to unidentified IGFBP (29 kDa and 24 kDa). There was neither a treatment × day interaction nor a treatment effect for the relative IGFBP levels (Table 7) . A trend (P < 0.07) for a decrease between day W − 1 and day W + 1 was observed for IGFBP-3, but not for the other IGFBP.
There was a treatment × day interaction for mean plasma FSH concentrations (P < 0.05; Table 6 ). Plasma FSH concentrations were similar in both experimental groups on day W − 1, but were higher (P < 0.05) in L than in C sows on day W + 1. There was a treatment × day interaction for preprandial plasma leptin concentration. Plasma leptin was similar among treatment groups on day W − 1, whereas it was higher (P < 0.01) in L than in C sows on day W + 1.
Reproductive Traits
All experimental sows returned to estrus within 9 d after weaning, and mean weaning-to-estrus interval Figure 2 . Plasma profiles of glucose, urea, and NEFA 1 d before or after weaning in sows fed a low-(L = 10% CP and 0.5% lysine, n = 11) or control (C = 20% CP and 1.08% lysine, n = 10) protein diet during lactation. ↓ indicates time of feeding; T, S, and T × S indicate treatment effect, sampling time effect, or treatment × sampling time interaction, respectively. * P < 0.05.
did not differ between experimental groups (P > 0.10; Table 8 ). Nineteen out of 26 sows were pregnant at slaughter and the percentage rate of pregnant sows did not differ (P > 0.10) between L and C sows. The number of total (mean = 15.6 ± 1.3 embryos for all sows and 15.9 ± 1.3 for sows from endocrine data) and viable embryos and embryo survival rate did not differ between treatment groups (P > 0.10). However, L sows had a lower ovarian weight (P < 0.01) and ovulation rate (P < 0.05 for all sows and P < 0.07 for sows from the endocrine data set) than C sows.
Weaning-to-estrus interval was negatively correlated (P < 0.05) to mean plasma FSH and preprandial tryptophan concentrations at the end of lactation (Table 9). Ovulation rate was negatively correlated (P< 0.05) with preprandial concentrations of histidine and methionine. No associations between postweaning reproductive performance and plasma insulin, GH, IGF-I, leptin, and other preprandial metabolite concentrations were found (P > 0.10).
Discussion
These results confirm that protein (lysine) restriction during lactation has marked effects on circulating metabolites and body reserve mobilization, and may have a detrimental influence on the reproductive function. To our knowledge, this is the first report looking at the consequences of protein restriction on the somatotropic hormones as well as on FSH and leptin. It clearly demonstrates marked effects for the somatotropic hormones during lactation and moderate effects for FSH and leptin just after weaning.
In the current study, the live weight of the experimental sows at farrowing is higher than that usually reported in the literature for primiparous sows, but Within a row, means without a common superscript letter differ (influence of the treatment, P < 0.05).
y,z
Within a column, means without a common superscript letter differ for each hormone (influence of the day, P < 0.05). within the range of weights of primiparous sows in commercial French herds (Caugant et al., 1999) . However, these experimental sows are slightly leaner than young commercial sows around farrowing (16.2 mm backfat in the present experiment vs 18.1 mm in Caugant et al., 1999) and at the end of lactation (13.2 mm vs 14.4 mm backfat). This difference is probably due to genetic origin since experimental sows are crossbred with Pié train, which is a lean genotype. As expected, the actual lysine intake was close to the lysine required for maintenance and milk production in control sows (about 45 g/d; King et al., 1993; Dourmad et al., 1998; Yang et al., 2000b) , whereas it was twofold less in L sows. The reduced concentration Figure 4 . Plasma IGF-I concentrations measured once a day (1400) at the end of lactation (W − 1), day of weaning, and during the 6 d after weaning (W + 1 to W + 6) in sows fed a low-(L = 10% CP and 0.5% lysine, n = 11) or control (C = 20% CP and 1.08% lysine, n = 10) protein diet during lactation. Treatment effect: ** P< 0.01, † P < 0.07. of plasma urea in L sows is likely the consequence of reduced protein intake, in agreement with Brendemuhl et al. (1987) and Yang et al. (2000c) . As betweengroup differences in feed consumption were prevented by moderate feed restriction, energy intake averaged 70% of requirements for maintenance and milk production for all sows. This energy restriction provoked a loss of BW and backfat in all sows. Backfat loss during lactation and high concentrations of NEFA at the end of lactation were similar in the two experimental groups and reflected fat mobilization. In contrast, the live weight loss was higher in L than in C sows, essentially because of higher losses of body proteins and associated water. This is consistent with previous findings that demonstrated increased muscle protein degradation in sows fed inadequate amounts of lysine during lactation (Jones and Stahly, 1999a; Yang et al., 2000c) . The increased mobilization of body proteins in L sows is illustrated by higher pre-and postprandial concentrations of plasma alanine and glutamine than that found in C sows, as described by Murray et al. (1999) . Protein mobilization allows the L sows to prevent marked alterations in essential AA profiles, as shown by unaffected plasma concentrations of lysine, threonine, and branched-chain AA. However, it did not completely succeed, and preprandial concentrations of three essential AA were altered, being increased for methionine and histidine and decreased for tryptophan in L sows compared with C sows. Particularly, reduction in plasma tryptophan concentrations would be biologically important because this AA has a specific function as a precursor of brain serotonin, which participates in the central regulation of LH secretion (Vitale and Chiocchio, 1993; Lado-Abeal et al., 1997) .
Decreasing protein (lysine) intake during lactation had no detrimental effect on LWG, in agreement with data from Revell et al. (1998) . This indicates that mobilized protein reserves have been used to buffer proteindeficit impact and to maintain milk production All sow data = data set including all sows allocated to treatment (n = 26); endocrine data set = data set from cannulated sows (n = 21). WEI = weaning-to-estrus interval. throughout lactation. In contrast, Jones and Stahly (1999a) reported that low protein and/or AA intake during lactation reduced milk nutrient output, and hence, overall litter growth in primiparous sows. It should be noted that, in this previous study, litter size was standardized to 13 piglets and lysine restriction was more severe than in the current study (16 vs 21 g of lysine/d). Alternatively, these divergent findings may be explained by the different protein masses at farrowing: mean body protein content in our work was 34 vs 26 kg in the study of Jones and Stahly (1999a) . Reduction in the protein (lysine) content in the lactation diet resulted in a decrease in pre-and postprandial plasma insulin concentrations, in agreement with previous results (Tokach et al., 1992; Kusina et al., 1999; Yang et al., 2000c) . The difference between groups in plasma insulin, in spite of a higher intake of carbohydrates in L vs C sows, is attributable to the amount of protein (AA) absorbed during the meal, since absorption of AA directly stimulates the pancreas to release insulin (Murray et al., 1999) . Low insulin concentrations after feeding aid in decreasing the use of glucose and AA by muscle and adipose tissue and help promote the use of endogenous substrates (glycerol, AA) for gluconeogenesis (Chilliard et al., 1998; Grizard et al., 1999) . This may explain the higher glucose concentrations found after feeding in L sows and increased protein mobilization.
The reduction of plasma IGF-I concentrations in response to protein (lysine) restriction is consistent with previous results in lactating sows. Plasma IGF-I decreased when lysine supply decreased from 56 to 36 g/d, but was not further modified when lysine intake decreased from 36 to 16 g/d or from 32 to 10 g/d (Kusina et al., 1999; Yang et al., 2000c) . The levels of plasma IGFBP also were analyzed in the current study because they modulate IGF-I bioavailability. Their levels did not change in response to protein restriction. Under normal physiological conditions, IGF-I secretion by hepatic and nonhepatic tissues is stimulated by GH. In L sows, however, low IGF-I levels are associated with high plasma GH, indicating an uncoupling between IGF-I and GH. As suggested in feed-or protein-restricted animals by Thissen et al. (1994) and Breier (1999) , this uncoupling could be due to a hepatic resistance to GH itself, which is related to low plasma insulin. In turn, the high concentrations of plasma GH in L sows would result from reduced concentrations of plasma IGF-I, and hence, attenuated negative feedback action (Berelowitz et al., 1981; Le Roith et al., 2001) . As GH and IGF-I are known to favor AA deposition in muscle tissue (Tomas et al., 1992; Breier, 1999) , GH resistance could have facilitated mobilization of lean tissue in L sows.
Irrespective of treatment, weaning induced marked changes in sow endocrine and metabolic regulations. Plasma GH concentrations and pulse frequency were higher during late lactation than after weaning, due to the neuroendocrine stimuli elicited by piglets during suckling (Rushen et al., 1993) . Patterns of secretion did not differ between L and C sows on day W + 1. Similarly, differences in plasma IGF-I concentrations were no longer significant by day W + 1, and they completely obliterated 3 d after weaning. This is consistent with previous findings that the IGF-I concentrations of feed-restricted sows are restored within a few days after weaning to levels comparable to those observed in well-fed sows (Carroll et al., 1996; Messias de Bragança and Prunier, 1999; van den Brand et al., 2001) . The increase in peripheral IGF-I together with higher preprandial concentrations of glucose and insulin and lower NEFA concentrations after weaning in all sows indicate changes towards an anabolic state.
To our knowledge, no data are available on the influence of protein (lysine) restriction on plasma leptin concentrations. Recent evidence suggests that leptin is a metabolic signal to the reproductive system in the pig (Barb, 1999; Barb et al., 2001 ) and in other species (Barash et al., 1996; Tataranni et al., 1997) . Leptin concentrations in the present study were similar to those previously described in sows during lactation (Mao et al., 1999; Estienne et al., 2000; Prunier et al., 2001) . No difference in preprandial leptin concentrations occurred among treatment groups on day W − 1, in agreement with Mao et al. (1999) , who demonstrated that total feed restriction did not alter preprandial plasma leptin at the end of lactation. However, an increase in preprandial leptin concentration was observed between days W − 1 and W + 1 in proteinrestricted sows, but not in control sows. Changes in leptin occurred in the absence of change in backfat thickness, and there was no association between leptin and insulin on days W − 1 or W + 1 (data not shown). These changes are likely related to the metabolic and/ or endocrine changes that occurred in L sows around weaning. Further research is needed to elucidate the underlying physiological mechanism.
Contrasting with previous findings (King and Williams, 1984b; Brendemuhl et al., 1987; Jones and Stahly, 1999b) , the return to estrus after weaning was not delayed by protein (lysine) restriction throughout lactation. The large body reserves of our sows at farrowing and weaning (210 kg of live weight at farrowing vs 150 to170 kg in the previous experiments of King and Williams [1984b] and Jones and Stahly [1999b] ), could have buffered the negative effect of protein restriction on the weaning-to-estrus interval. This hypothesis is supported by the concept that nutrient intakes, body reserve losses, and absolute amount of maternal reserves at farrowing interact to influence reproductive performance (Mullan and Williams, 1989; Yang et al., 1989; Dourmad, 1991) . This is also in agreement with the results of King (1987) and Charette et al. (1995) , who observed that the weaning-toestrus interval after first lactation was closely related to body protein or BW at weaning, with heavy primiparous sows having weaning-to-estrus intervals similar to that of multiparous sows.
Protein restriction during lactation reduced ovulation rates at postweaning estrus. Most studies reported no impact of feed restriction (King and Williams, 1984a; Kirkwood et al., 1987 Kirkwood et al., , 1990 or protein restriction (King and Williams,1984b; King and Dunkin, 1986 ) during lactation on postweaning ovulation rate and subsequent litter size, while postweaning estrus was clearly delayed. In two experiments, a lower ovulation rate was reported in response to feed restriction during all or part of lactation (15 vs 20, P < 0.05, Zak et al., 1997a; 16 vs 18, P = 0.08, van den Brand et al., 2000) . In these two experiments, all sows exhibited estrus within 5 to 8 d after weaning. Moreover, it was previously reported that feed-restriction during lactation alters the number or distribution of medium-sized follicles (1 to 4 mm) at weaning (Quesnel et al., 1998) . Therefore, when the weaning-to-estrus interval is short, it is likely that sows have no time to recover from detrimental effects of catabolic state on follicular growth during lactation, as previously suggested (Clowes et al., 1994; Zak et al., 1997b) .
Mechanisms mediating the metabolic effects on ovulation rate are not clear. In contrast to the induction of ovulation, which mainly depends on pulsatile secretion of LH, ovulation rates are greatly influenced by insulin and growth factors acting in synergy with FSH (reviewed by Hunter et al., 1992; Monget and Martin, 1997) . Therefore, it is plausible that the reduced concentrations of insulin and IGF-I in lactating L sows are involved in the reduced ovulation rate, although the lack of relationships between insulin or IGF-I and ovulation rate in the present study does not support this hypothesis. In turn, the higher concentrations of FSH in L sows just after weaning could be the consequence of the less active folliculogenesis and attenuated negative feedback action from the ovaries. Mullan et al. (1991) reported a similar effect of feed restriction on FSH concentrations at the end of lactation and after weaning. Finally, high concentrations of GH may also have played a role in reduced ovulation rate, since overexpression of GH gene by transgenic prepuberal gilts reduces the number of large follicles and alters steroidogenesis (Guthrie et al., 1993) . However, a stimulatory influence of exogenous GH on folliculogenesis also was reported in cyclic gilts (Kirkwood et al., 1988) and primiparous weaned sows (Whitley et al., 1998) . Thus, the involvement of elevated plasma GH in ovulation rate remains questionable.
Despite the reduction in ovulation rate, protein (lysine) restriction had no significant influence on the number of viable embryos in early gestation, suggesting little or no influence on the subsequent litter size. This is in agreement with previous experiments that reported no effect on litter size at birth when lysine intakes during the first lactation varied between 28 and 45 g/d (Tritton et al., 1996; Touchette et al., 1998; Yang et al., 2000b) . Nevertheless, it cannot be ruled out that such a reduction in ovulation rate results in reduced litter size at birth in commercial herds, where breeding conditions are detrimental for embryo survival (e.g., low herd health, low feed consumption during lactation).
In conclusion, these results provide evidence that protein (lysine) restriction during lactation moderately alters profiles of plasma essential AA and markedly changes plasma concentrations of GH, IGF-I, and insulin. The restriction had no effect on the weaningto-estrus interval, likely due to the protective effect of a relatively high-protein mass at farrowing, but it had a negative influence on the ovulation rate. Data did not show associations between metabolic hormones and ovulation rate.
Implications
High body protein reserves at farrowing may buffer the negative impact of dietary protein (lysine) restriction on milk production, and may also minimize alterations in reproductive performance when protein intake during lactation is low. High growth hormone concentrations, together with low insulin-like growth factor-I and insulin levels are good markers of a lactating sow's metabolic adaptation to nutritional treatment.
